Ar, N 2 , CO, H 2 O, NH 3 , CH 4 , CH 3 OH, CH 3 F) involving neutral or cationic phenol were determined using the density functional theory formalism based on the minimization of the total energy bifunctional and gradient-dependent approximations for its exchangecorrelation and nonadditive kinetic-energy parts. For the neutral complexes the calculated interaction energies range from 1 kcal/mol for the Ph-Ar complex to about 10 kcal/mol for Ph-NH 3 . The interactions are stronger if the cationic phenol is involved (up to 25 kcal/mol). It is found, except for neutral Ph-Ar, that the hydrogen-bonded structure is more stable than the -bound one. Calculated interaction energies (D e ) correlate well with the experimental dissociation energies (D 0 ).
I. Introduction
A great deal of experimental and theoretical work has been devoted to characterize the complexes formed by phenol (C 6 H 5 OH) and ligands such as Ar, N 2 , H 2 O, etc. Depending on the state of the phenol (ground or excited; neutral or cationic) and on the ligand, the structure of the formed complex can be of the van der Waals type, with the ligand bound to the system of the aromatic ring, or of the hydrogen-bonded type with the ligand attached to the OH group of the phenol. A van der Waals -bound structure is preferred in complexes involving neutral phenol and a spherical ligand like rare-gas atoms. If the ligand is situated above the aromatic ring, the London dispersion forces dominate as in similar complexes involving benzene and rare-gas atoms. Complexes involving cationic phenol and/or ligand with a permanent electric multipole are more likely to be found in the hydrogen-bonded structure.
In this work, we report calculations on the structure and energetics of Ph-L complexes formed by phenol (Ph) (neutral or cationic) and such ligands (L) as, Ar, N 2 , CO, H 2 O, NH 3 , CH 4 , CH 3 OH, and CH 3 F. The calculations were performed using the density functional theory (DFT) [1] [2] [3] formalism based on the minimization of the total energy bifunctional E[ 1 , 2 ] [4, 5] . Minimization of E[ 1 , 2 ] is performed by solving Kohn-Sham-like one-electron equations: Kohn-Sham (KS) equations with constrained electron density (KSCED). The applied method has been shown to be a well-adapted method to study weakly bound complexes like, for example, the benzene dimer [6] or complexes involving carbazole [7] , and to give results superior to the traditional KS formulation of DFT [8] .
II. Theory and Computational Details
In the KSCED approach, the total energy of a system composed of two subsystems of densities 1 and 2 is represented by the bifunctional [4, 5] 
where
is the orbital-free nonadditive kinetic-energy bifunctional and all the other terms are defined as in the traditional KS scheme [2] . As in the case of the exchange-correlation functional E xc [], the exact orbital-free form of T s nadd [ 1 , 2 ] is unknown and any practical calculation relies on approximations for T s []. Partitioning the electron density makes it possible to perform the minimization of the total energy following a stepwise procedure in which the energy is minimized with respect to either 1 or 2 [9] . Similar steps as those used to derive the KS equations [2] lead to the following equations for the one-electron orbitals i,J ( J ϭ 1, 2) used to construct the electron density of subsystem J composed of N J electrons [4, 5] :
and
We used the generalized gradient approximation (GGA) of Perdew and Wang (PW91) [10] 2 ] were recently shown to lead to very accurate interaction energies for a large set of van der Waals complexes for which benchmark ab initio results were available [8] .
The KS calculations of isolated phenol Ph and ligand L were performed using the PW91 functional for the exchange-correlation energy. The calculations were carried out using two different orbital basis sets: the first basis set (basis set I) is triple zeta valence with polarization (TZVP) [14] and the second basis set (basis set II) was developed by Partridge [15] . The number of basis functions used for the construction of the electron density J of a molecule in the complex is the same as that used for the isolated case (the basis functions centered on the atoms of the molecule of interest); hence no basis set superposition error [16] had to be corrected. Our recent tests of the dependency of the KSCED energies on the basis set [17] indicate that basis set II leads to interaction energies that deviate from the basis set limit by at most 0.08 kcal/mol. The KSCED calculations were performed using the modified version of the deMon program into which the KSCED formalism was implemented [18] . The results presented in this work were obtained after four "freeze-and-thaw" iterations [9] .
III. Results and Discussion
The results obtained after geometry optimization for the interaction energies and intermolecular distances are reported in Tables I and II , respectively. Table I shows that, for most of the complexes, the results obtained for the interaction energy D e with the two basis sets are similar. Nevertheless, we can see a difference of the order of 1 kcal/mol between the two basis sets for the three cationic complexes involving Ar (proton-bound structure), H 2 O, and NH 3 , and this means that for these complexes the quality of basis set I is not sufficient to obtain reliable values of D e . Therefore, the use of basis set II seems to be necessary, particularly for the cationic Ph-Ar complex. If we consider the intermolecular distances (Table II) , we can see that the largest difference between the two basis sets is of about 0.2 Å for cationic Ph-Ar in the proton-bound structure. No significant effects of the basis set change were found for the other complexes. In the following part, only the results obtained with basis set II will be discussed.
For the neutral Ph-Ar complex, it is found that the -bound structure [ Fig. 1(a) ] is energetically favored compared to the planar proton-bound structure [ Fig. 1(c) ] (1.33 kcal/mol for -bound and 1.00 kcal/mol for proton-bound), which is in agreement with the analysis of the experimental results by Mü ller-Dethlefs and collaborators [19, 20] who detected only the van der Waals -bound structure, but did not exclude the existence of a proton-bound structure. The value of 1.33 kcal/mol compares well with the experimental value of 1.04 kcal/mol For the proton-bound structures, R is the distance between the H atom of the OH group of Ph and the indicated atom of L; for the -bound structures, R is the vertical distance between the -plane of Ph and the indicated atom of L. See Figures 1-3 for the structures.
for D 0 [21] . In the cationic case, the planar protonbound structure [ Fig. 1(c) ] (2.53 kcal/mol) is more stable than the -bound one [ Fig. 1(b) ] (1.77 kcal/ mol). This result agrees well with the conclusion of Solcà and Dopfer [22] [23] [24] who deduced, the protonbound structure to be the global minimum and the -bound one to be a local minimum based on a combined analysis involving infrared spectra and ab initio MP2 calculations. The experimental value of 1.53 kcal/mol [21] for the dissociation energy, assigned to the -bound structure [22] [23] [24] , compares well with our value of 1.77 kcal/mol for D e . For the complexes involving N 2 the calculations lead to the values of 2.24 kcal/mol and 5.90 kcal/ mol in the planar proton-bound structure [ Fig. 1(d) ] for the neutral and cationic cases, respectively. These calculated values of D e are comparable to the experimental values for D 0 [25] (1.24 kcal/mol for neutral and 4.69 kcal/mol for cationic). The differences between these values can be attributed to the zero-point energy (ZPE), which for the protonbound structure can have values as large as 2 kcal/ mol, depending on the ligand L [26 -28] . The planar proton-bound structure has often been suggested by experimental and theoretical works to be the global minimum both in the neutral [20, 29 -31] and cationic cases [22, 24, 29, 30, 32] .
For neutral and cationic Ph-CO complexes the global minimum geometry is the proton-bound structure with the C atom of CO pointing in the direction of the OH group of the phenol [ Fig. 1(d) ]. This in agreement with the experimental and theoretical results of Mü ller-Dethlefs and collaborators [20, 25, 30] . Again, when compared to the experimental D 0 values [25] , the differences can be attributed to ZPE.
Among the Ph-L complexes, the one involving H 2 O has been one of the most studied by both theoretical and experimental methods (see Refs. [26 -28, 33-40] for some representative papers). The KSCED calculations predict, both for the neutral and cationic complexes, the proton-bound structure [ Fig. 2(a) ] to be the global minimum. The plane of H 2 O is approximately perpendicular to the plane of Ph, as it has already been concluded from previous calculations (see, e.g., Refs. [34, 36] ). The calculated interaction energies D e (7.37 kcal/mol for neutral and 19.87 kcal/mol for cationic) agree well with the experimental values [28] for D 0 (5.60 kcal/mol for neutral and 18.54 kcal/mol for cationic).
To our knowledge no experimental data are available for the interaction energy of Ph-NH 3 and Ph-CH 4 complexes. The Ph-NH 3 complex [protonbound structure, Fig. 3(a) ] (see Ref. [41] for a very recent theoretical work on this complex) has the largest values of D e among the complexes studied in this work, and this both for the neutral (9.93 kcal/mol) and cationic (24.86 kcal/mol) complexes. At the opposite end, the Ph-CH 4 
complex constitutes one of the most weakly bound with a value of 1.86 kcal/mol for the neutral case and a value of 5.20 kcal/mol for the cationic case, both in the proton-bound structure. The neutral Ph-CH 4 complex has two energetically nearly equivalent structures: 1.86 kcal/mol for the protonbound structure and 1.51 kcal/mol for the -bound one (see Table I ). ZPE is probably larger for the proton-bound structure than for the -bound; therefore the -bound structure cannot be excluded to be the global minimum based on our calculations, as it is suggested for spherical ligands like rare-gas atoms or CH 4 [24] .
CH 3 OH and CH 3 F are the largest among the considered ligands in the Ph-L complexes. These two systems are found to be the most stable in the proton-bound structure. Figure 3(b) shows that the O atom of CH 3 OH interacts with the OH group of Ph to form a hydrogen bond (confirmed experimentally by Westphal et al. [42] for the neutral complex). The structures of neutral and cationic Ph-CH 3 F complexes are shown in Figs. 3(c) and (d) , respectively. For this system, the F atom of CH 3 F interacts with the OH group of Ph to form a hydrogen bond. The experimental dissociation energies for these two complexes (Refs. [28] and [43] for Ph-CH 3 OH and Ph-CH 3 F, respectively) agree well with the KSCED results, but nevertheless an underestimation is expected for the cationic Ph-CH 3 OH complex if ZPE would be added to the experimental value.
IV. Conclusions
In this work we obtained equilibrium geometries and interaction energies in a series of intermolecular complexes involving phenol in its neutral or cationic state.
As the structure of these complexes is concerned it was found that for all complexes, except for neutral Ph-Ar, the hydrogen-bonded structure is more stable than the -bound one. This is in agreement with the picture emerging from experimental and ab initio results reported in the literature.
As the energetics of the studied complexes is concerned, we analyzed the magnitude of the well depth D e at minimum energy structure. This quantity is not always directly available experimentally as the experimentally available dissociation energies D 0 differ from D e by the magnitude of ZPE, which can be expected to fall in the 1-2 kcal/mol range [26 -28] for the studied complexes. An exact estimation of ZPE is not possible with our implementation of the KSCED method, especially since about 30% of ZPE is of intramolecular origin [26 -28] . In our set of intermolecular complexes, we calculated interaction energies falling in the 1-25 kcal/mol range, and, taking into account ZPE, a good correlation between experimental D 0 and calculated D e is obtained. This indicates that the applied method is applicable for these type of complexes.
Moreover, only few ab initio studies relevant to the complexes investigated in this work have been reported in the literature. Because the applied ab initio method is usually MP2 (which does not account for all electronic correlation effects) with basis sets of medium quality, our systematic analysis can provides a useful reference. 
